Birthdate-dependent neuronal layering is fundamental to neocortical functions. The extracellular protein Reelin is essential for the establishment of the eventual neuronal alignments. Although this Reelin-dependent neuronal layering is mainly established by the final neuronal migration step called ''terminal translocation'' beneath the marginal zone (MZ), the molecular mechanism underlying the control by Reelin of terminal translocation and layer formation is largely unknown. Here, we show that after Reelin binds to its receptors, it activates integrin a5b1 through the intracellular Dab1-Crk/CrkL-C3G-Rap1 pathway. This intracellular pathway is required for terminal translocation and the activation of Reelin signaling promotes neuronal adhesion to fibronectin through integrin a5b1. Since fibronectin is localized in the MZ, the activated integrin a5b1 then controls terminal translocation, which mediates proper neuronal alignments in the mature cortex. These data indicate that Reelin-dependent activation of neuronal adhesion to the extracellular matrix is crucial for the eventual birth-date-dependent layering of the neocortex.
INTRODUCTION
The mammalian neocortex has a highly organized 6-layered structure of neurons, which serves as the fundamental basis of higher brain functions (Rakic, 2009 ). This layered cortical structure is composed of a birthdate-dependent ''inside-out'' alignment of the projection neurons; late-born neurons are located more superficially than the early-born neurons. Neuronal migration plays essential roles in the establishment of this expanding laminar structure, and one of the prominent features is the sequential and complex changes of the migratory modes of the neurons that allows the later-born neurons to migrate beyond the already settled predecessors (Ayala et al., 2007; Marín et al., 2010) . After the final cell division in the ventricular zone (VZ) or subventricular zone (SVZ), projection neurons begin to show multipolar migration just above the VZ or in the multipolar cell accumulation zone (MAZ) (Tabata and Nakajima, 2003; Tabata et al., 2009) . They then transform into bipolar cells with one leading process and migrate long distances through the intermediate zone (IMZ) and cortical plate (CP) along the radial glial fibers (the ''locomotion'' mode) (Rakic, 1972; Nadarajah et al., 2001) . Finally, beneath the outermost region of the CP, the migrating neurons switch to the ''terminal translocation'' mode, in which their somas move quickly in a radial glia-independent manner, while the tips of the leading processes retain their attachment to the marginal zone (MZ), and complete their migration to just beneath the MZ (Nadarajah et al., 2001) .
Reelin is an extracellular protein secreted from the Cajal-Retzius cells in the MZ (D'Arcangelo et al., 1995; Ogawa et al., 1995) . It is essential for the establishment of the birthdatedependent layered structure of the neocortex, because Reelinsignaling deficient mice show roughly inverted cortical layers (Rice and Curran, 2001 ). However, how Reelin controls layer formation in vivo is not fully understood.
Recent studies suggest that Reelin signaling regulates the terminal translocation mode of neuronal migration near the outermost region of the CP (Olson et al., 2006; Franco et al., 2011; Sekine et al., 2011) . We recently found that this outermost region of the CP is densely packed with NeuN-negative immature neurons and possesses unique features distinct from the rest of the CP, and we named this region the primitive cortical zone (PCZ) (Sekine et al., 2011) . Importantly, terminal translocation during development is essentially required for proper establishment of the eventual pattern of neuronal alignment in the mature cortex (Franco et al., 2011) , and this birthdate-dependent neuronal alignment is mainly established within the PCZ through terminal translocation (Sekine et al., 2011) . Therefore, to elucidate how Reelin signaling regulates terminal translocation is critical to understand the mechanism of the neocortical layer formation.
Reelin binds to its receptors, Apo-lipoprotein E receptor 2 (ApoER2) and very low-density lipoprotein receptor (VLDLR), and induces the phosphorylation of the intracellular adaptor protein disabled homolog 1 (Dab1) in migrating neurons (D'Arcangelo et al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999; Rice and Curran, 2001) . It was also reported that Reelin could bind to an integrin receptor (Dulabon et al., 2000) , although the effects of this interaction for neuronal migration is controversial . In this study, we show that after Reelin binds to ApoER2/VLDLR, it activates integrin a5b1 on the migrating neurons through the intracellular Dab1-Crk/CrkL-C3G-Rap1 pathway (''inside-out'' activation of integrin) (Kinashi, 2005; Shattil et al., 2010) , which promotes neuronal adhesion to fibronectin. Since fibronectin is present in the MZ, activated integrin a5b1 (a fibronectin receptor) then mediates terminal translocation through the PCZ. Furthermore, sequential in utero electroporation studies show that this integrin activation is indeed required for proper establishment of the eventual neuronal positioning in the mature cortex in vivo. Interestingly, whereas the Rap1-N-cadherin pathway is involved in the migration below the CP (Jossin and Cooper, 2011) , we found that it could not promote neuronal entry into the PCZ by terminal translocation, suggesting that Rap1 has dual functions during different phases of neuronal migration and that Reelin changes the downstream adhesion molecules of Rap1 during terminal translocation. Our data suggest that Reelin-dependent modulation of neuronal adhesion is critical for the eventual birthdate-dependent neuronal layering in the neocortex.
RESULTS
Tyrosine 220/232 Phosphorylation of Dab1, Crk/CrkL Adaptors, and C3G Are Required for Terminal Translocation Several studies have reported that Dab1 is required for terminal translocation, which is necessary for the establishment of the birthdate-dependent ''inside-out'' neuronal layering (Olson et al., 2006; Cooper, 2008; Franco et al., 2011; Sekine et al., 2011) . Since Dab1 is a multifunctional adaptor protein that can selectively recruit several downstream molecules to its specific phosphorylation sites , we first analyzed the effects of Dab1 phosphorylation on terminal translocation using various tyrosine mutants of Dab1. When a Dab1-knockdown (KD) vector was introduced into the mouse embryonic neocortex by in utero electroporation at embryonic day 14.5 (E14.5), the transfected cells were mislocated just beneath the NeuN-negative region of the CP or the PCZ (Sekine et al., 2011) on postnatal day 0.5 (P0.5), 5 days after the electroporation ( Figures 1A-1B 0 ), suggesting that terminal translocation was disrupted. This Dab1-KD phenotype was rescued by cotransfection of the cells with wild-type Dab1 (Figures S1A and S1B available online). Dab1 has five potential tyrosine residues phosphorylated by Reelin (tyrosines 185, 198, 200, 220, and 232) and Dab1-5F, lacking all of these tyrosine residues, Dab1-3F, lacking the three main phosphorylation sites (198F, 220F, and 232F) (Keshvara et al., 2001) , and Dab1-220F/232F could not rescue the Dab1-KD phenotype (Figures S1A and S1B), whereas all of the single tyrosine mutants and the other double mutants could rescue the Dab1-KD phenotype, suggesting that phosphorylation of either tyrosine 220 or 232 of Dab1 is required for terminal translocation. Two kinds of adaptors, Crk/CrkL and Nckb, can specifically bind to the phosphorylated tyrosines 220 and 232 of Dab1 (Park and Curran, 2008; Honda et al., 2011) . Using in utero electroporation of each KD vector (Figures S1C, S1E, and S1I), we found that KD of either Crk or CrkL affected neuronal migration, including terminal translocation, whereas KD of Nckb had no more than a slight effect on neuronal migration ( Figures  1C-1D 0 , S1D, and S1F). The phenotypes of Crk KD and those of CrkL KD were rescued by cotransfection of the respective nontargetable complementary DNAs ( Figures S1G and S1H ). In addition, many Crk KD cells were stalled in the middle of the upper CP, whereas many CrkL KD cells were positioned beneath the PCZ ( Figures S1F and S1F 0 ). The difference between these phenotypes seems to be consistent with a previous report showing that while both Crk and CrkL were also strongly expressed in the IMZ, CrkL was more strongly expressed in the superficial part of the CP (Park and Curran, 2008) . Although single knockout mice of either Crk or CrkL did not show any phenotype (Park and Curran, 2008) , it is possible that the two closely related genes may have compensated with each other in the knockout mice. Therefore, although we cannot fully exclude the possibility that our knockdown vectors may have some additional off-target effects because of the partial rescue results, our acute knockdown approach suggests that Crk has some slightly distinct roles from CrkL in neuronal migration.
Furthermore, C3G, a Rap1 activator or guanine nucleotide exchange factor (GEF), can bind to Crk/CrkL and is activated by Reelin (Ballif et al., 2004) . The dominant-negative (DN) form of C3G disrupted neuronal entry into the PCZ, just like Dab1-KD ( Figures 1E and 1E 0 ). Because Crk/CrkL and C3G are also involved in layer formation (Park and Curran, 2008; Voss et al., 2008) , these data suggest that the Crk/CrkL-C3G-dependent terminal translocation is also important for proper layer formation.
The Rap1/N-Cadherin Pathway Regulates Neuronal Entry into the CP, but Not into the PCZ Two closely related C3G effectors, Rap1a and Rap1b, are strongly expressed in the developing CP as well as in the VZ at E16.5 ( Figure S2A ), suggesting the several functions of Rap1 for corticogenesis (Bos, 2005) . To block the functions of both Rap1a and Rap1b in migrating neurons, we next introduced Spa1, the Rap1-GAP (GTPase-activating protein) (Tsukamoto et al., 1999) by in utero electroporation. When we introduced Spa1 under the control of a Ta1 promoter, which is moderately expressed in neurons (Gloster et al., 1994) and in a certain population of neuronal progenitors, but not in the radial glial cells (Gal et al., 2006) , the labeled cells could not enter the PCZ, suggesting the failure of terminal translocation (Figures 2A-2B 0 ). Interestingly, however, when we overexpressed Spa1 under the control of a strong CAG promoter, many cells remained stalled in the lower part of the IMZ, unlike Dab1-KD or DN-C3G ( Figures 2C, 2C 0 , S2H, and S2I). Expression of Ta1-Spa1 was detectable in the cells in the IMZ, whereas that of CAG-Spa1 was observed even in the VZ (Figures 2E and 2F ). The effects of CAG-Spa1 were significantly rescued by the cotransfection of Rap1a, suggesting that Rap1 is the main physiological substrate of Spa1 during neuronal migration ( Figure S2E ). The ratio of bipolar cells in the IMZ was significantly decreased in the CAG-Spa1-overexpressed cells without affecting the neuronal differentiation ( Figures 2D, S2B-S2D , S2F, and S2G), suggesting the failure of switching of the migratory mode from multipolar migration to locomotion, consistent with a previous report (Jossin and Cooper, 2011) . Thus, these data suggest that Rap1 has dual functions for neuronal migration: one in the early phase below the CP and the other in the final phase of migration in the PCZ. In addition, because moderate expression of Spa1 under Ta1 promoter did not affect the neuronal migration in the IMZ, our data suggest that terminal translocation is more dependent on the Rap1 function than the neuronal migration in the IMZ.
Rap1 regulates cadherin functions by changing its expression level on the cell surface (Jossin and Cooper, 2011) . Since the Rap1-N-cadherin pathway regulates neuronal migration below the CP (Jossin and Cooper, 2011) , we next examined whether this pathway might also regulate terminal translocation. Interestingly, although cotransfection of N-cadherin with CAG-Spa1 could rescue the neuronal entry into the CP ( Figures S2H and  S2I ), cotransfection of these vectors or even cotransfection of N-cadherin with DN-C3G could not rescue the terminal translocation failure (Figures 2G-2L ). These data suggest that N-cadherin alone is not sufficient to support terminal translocation regulated by the C3G-Rap1 pathway. Thus, we assumed that Reelin might change the Rap1 function through the Dab1-Crk/CrkL-C3G pathway beneath the PCZ to regulate other/additional pathways for terminal translocation and layer formation.
The Activated Integrin b1 Is Localized in the Leading Process of Migrating Neurons during Terminal Translocation Because a previous study has suggested that terminal translocation may be independent of the radial glial fibers (Nadarajah et al., 2001) , we hypothesized that a specific adhesion molecule(s) between the migrating neurons and the extracellular environment, such as the extracellular matrix (ECM), might be required for terminal translocation. We previously observed, by in situ hybridization, that fibronectin, one of the major integrin ligands, is expressed on the neurons in the developing CP, especially those in the PCZ (Tachikawa et al., 2008) . Interestingly, we found that the fibronectin protein was localized in the Reelinpositive MZ, the site of anchorage of the leading processes of the translocating neurons ( Figures 3A and S3A ). Since Rap1 can also regulate the integrin functions (Bos, 2005) , we then Integrin b1 is one of the most highly expressed integrins in the developing neocortex (Belvindrah et al., 2007) , and we found strong localization of ''activated'' integrin b1 in the MZ by using an activated conformation-specific antibody, 9EG7 (Bourgin et al., 2007) (Figures 3B, 3B 0 , and 3C). In addition, we also found a high degree of accumulation in the MZ of the intracellular protein Talin, which is essential for the activation of integrins (Shattil et al., 2010) (Figure S3B ). Importantly, activated integrin b1 was localized in the leading processes of the migrating neurons in the MZ ( Figures 3D and 3D 0 ), where nestin-positive radial glial endfeet or MAP2-positive dendrites were present ( Figures S3C and S3D) . Furthermore, the accumulation of 9EG7 signals was significantly decreased in the cortex of Reelin-signaling deficient mice such as reeler, yotari (Dab1-deficient mice) and ApoER2/VLDLR double-knockout mice . The results of these immunohistochemical analyses suggest the possibility that the Reelin signal controls the activation of integrin b1 and that activated integrin b1 is involved in the terminal translocation mode.
Reelin Activates Integrin a5b1 through Intracellular ''Inside-Out Signaling'' and Promotes Neuronal Adhesion to Fibronectin Integrins bind to specific extracellular ligands and transmit their signals into the cytoplasm by ''outside-in signaling.'' Conversely, the ligand-binding activities of integrins are controlled through intracellular pathways stimulated by several environmental factors (''inside-out signaling/activation'') (Hynes, 2002; Shattil et al., 2010) . To examine the possibility that Reelin signaling controls integrin activation, we first performed in vitro integrin activation assays. Reelin stimulation of E14.5 primary cortical neurons plated onto fibronectin-coated dishes significantly increased 9EG7 antibody binding without affecting the total amount of integrin b1 (Figures 4A-A 00 ), suggesting that Reelin stimulation activates integrin b1.
Next, we conducted an adhesion assay to examine whether Reelin stimulation could promote neuronal adhesion to fibronectin. While the adhesion of the primary cortical neurons to the poly-L-lysine-coated dishes was not affected by Reelin, the adhesion of the cells to the fibronectin-coated dishes was significantly promoted by the transient Reelin stimulation (Figures 4B and 4B 0 ). The effects of Reelin were nullified by cotreatment of the cells with an integrin a5b1-function-blocking antibody (MFR5) (Kinashi and Springer, 1994) . Because the binding of Reelin to the extracellular region of integrin a5b1 was significantly weaker than ApoER2 and VLDLR ( Figure S4A ), these data suggest that Reelin might promote the adhesiveness of integrin a5b1 to fibronectin via triggering the intracellular inside-out activation cascade through its receptors, ApoER2/ VLDLR.
To address the involvement of Reelin-signaling pathways in the activation of integrin a5b1, we first examined the requirement of ApoER2/VLDLR or Dab1 by introducing KD vectors into the primary cortical neurons and performed the integrin activation assays ( Figure S4B ). Reelin-dependent integrin b1 activation was significantly suppressed under these KD conditions. We next performed cell adhesion assays using the conditioned medium of receptor-associated protein, which competitively blocks the binding of Reelin to its receptors (Andersen et al., 2003) ; the conditioned medium of 2A-Reelin, which is a mutant form of Reelin lacking the ability to bind to the Reelin-receptors (Yasui et al., 2007) ; or the primary cortical neurons obtained from yotari mice (Figures 4C-4E ). Reelin-dependent neuronal adhesion to fibronectin was significantly suppressed under each of the above conditions. Furthermore, the effects of Reelin were also canceled by the cotreatment with the CR-50 antibody ( Figure 4F ), a function-blocking Reelin antibody (Ogawa et al., 1995; Nakajima et al., 1997) . To further address the requirement of the Reelin-signaling pathway for neuronal adhesion to fibronectin during neuronal migration, we carried out in utero electroporation to introduce ApoER2/VLDLR double KD vectors, Dab1-KD vectors, or Spa1 at E14.5 and performed cell adhesion assays 3 days after the electroporation ( Figure 4G ). As the results, Reelin-dependent neuronal adhesion to fibronectin was significantly impaired, suggesting the involvement of the ApoER2/VLDLR-Dab1-Rap1 pathway in the Reelin-dependent promotion of neuronal adhesion to fibronectin during neuronal migration.
In order to confirm whether Reelin can indeed activate integrins through the Reelin receptors-Dab1 pathway, we next conducted a reconstruction experiment using a non-neuronal cell line, HEK293T cells, to examine the effects of Reelin-Dab1 signaling in integrin activation, because integrins and the integrin-activation molecules, such as Crk/CrkL, C3G, Rap1, and Talin, are ubiquitously expressed in many kinds of cells, including 293T cells. We transfected Dab1 and ApoER2 into 293T cells and conducted adhesion assays to examine the adhesiveness of the cells to fibronectin. The adhesiveness of reconstructed 293T cells was promoted in the presence of Reelin, whereas this effect was not observed following transfection of Dab1-5F with ApoER2 ( Figure 4H ), suggesting that Reelindependent Dab1 phosphorylation mediated by ApoER2 can activate the cellular adhesiveness to fibronectin even in the reconstructed cells. We also noticed that the cotransfection of the mean distance ± SEM from the top of the CP to the somas. **p = 0.00194. n = 6 (control), n = 8 (Ta1-Spa1), and n = 7 brains (CAG-Spa1). Immunohistochemisty of neuronal marker Hu (D). The CAG-Spa1 expressed cell is positive for Hu. (E and F) Cerebral cortices (E16.5) electroporated at E14.5. CAG-Spa1 positive cells were observed from the VZ (arrows) to the IMZ (arrowheads) (E), whereas Ta1-Spa1 positive cells were mainly observed in the IMZ (arrowheads) (F). VLDLR and Dab1 failed to promote cell adhesion, suggesting that Reelin-dependent cell adhesion to fibronectin was more dependent on ApoER2 than on VLDLR in the 293T cells. This may be related to the fact that the effects of ApoER2 and VLDLR on neuronal migration differ from each other (Hack et al., 2007) . Collectively, these data indicate that Reelin can activate integrin a5b1 and promote cellular adhesion to fibronectin via the Reelin receptors-Dab1-Rap1 pathway. We next investigated whether Reelin could activate integrin b1 in vivo by overexpressing Reelin in the migrating neurons by in utero electroporation. Previously, we reported that ectopic expression of Reelin in the migrating neurons stimulated radial glia-independent migration similar to terminal translocation and caused neuronal aggregation, resembling the events occurring in the MZ and the top of the CP . The 9EG7 antibody clearly recognized this ectopic aggregate, as well as the cell-sparse center resembling the MZ ( Figures 4I  and S4C ), suggesting that even the ectopically expressed Reelin activates integrin b1 in migrating neurons in vivo. These results also support the notion that the ''activated'' integrin b1 in the MZ showing strong 9EG7 staining ( Figures 3B-3D ) contains the processes of neurons, whereas some radial glial endfeet may also be included ( Figure S3C ) (Belvindrah et al., 2007) .
To examine the requirement of the Reelin-Dab1 signaling for the inside-out activation of integrin in vivo, we examined the intracellular localization of Talin. Cotransfection of hemagglutinin (HA)-tagged Talin with green fluorescent protein (GFP) showed polarized distribution of Talin in the leading processes localized in the MZ, where integrin b1 was activated ( Figure S4D ). Following Dab1 knockdown, however, the HA-tagged Talin was evenly distributed in both the leading processes and the cell somata in more cells than the control, suggesting the requirement of Reelin-Dab1 signaling for the polarized distribution of Talin to the leading processes during terminal translocation.
Integrin a5b1 Is Required for Terminal Translocation Next, we investigated the role of integrins for neuronal migration. Consistent with the localization of activated integrin b1 in the MZ, we found that KD of integrin b1 by in utero electroporation specifically affected terminal translocation ( Figures 5A, 5D , 5J, S5A, S5E, and S5F). In addition, KD of Talin 1 also affected terminal translocation ( Figures 5F, 5J , and S5B). To assess whether the terminal translocation failure under the aforementioned circumstances was specifically caused by the KD of integrin b1 or of Talin1 in the neurons rather than that in the radial glial cells, we cotransfected the cells with Ta1-controlled expression vectors for integrin b1 or Talin 1 ( Figure 5B ). Both successfully rescued the KD phenotype ( Figures 5E, 5G , and 5J), suggesting the involvement of the integrin b1 expressed in the neurons rather than that in the radial glial cells in terminal translocation.
The specificity of the interaction between the ECM and integrins is mainly determined by the a subunit of integrin (Hynes, 2002) . For example, integrin a5b1 is a major fibronectin receptor, whereas integrin a3b1 is a laminin receptor. We found that KD of integrin a5 resulted in terminal translocation failure ( Figures 5H-5J and S5C) ; whereas KD of integrin a3 had no such effect (Figures S5D and S5G) . We also closely examined the morphologies of the neurons after they have completed their migration around the PCZ. We introduced a very small amount of the Ta1-Cre vectors together with a pCALNL-GFP vector to sparsely label the transfected neurons (see Supplemental Experimental Procedures; Figure S5H ). Four days after the electroporation, most of the control neurons were found to be located within the PCZ, whereas the integrin b1 KD neurons, integrin a5 KD neurons, Talin 1 KD neurons, and Spa1 overexpressing neurons were located just beneath the PCZ, and the distances between the branch point of the leading processes observed just above the CP and the nuclei of these transfected neurons were also significantly longer than those in the controls (Figures 5K and S5J ). These data suggest that the Rap1-Talin1-integrin a5b1 pathway is required for terminal translocation during neuronal migration. In addition, although most of these transfected neurons had a trailing process and a branched leading process, the number of leading process branches was also reduced in these transfected neurons as compared with that in the control neurons ( Figures 5K and  S5I) . Interestingly, however, many Dab1-KD neurons had an elongated leading process with no branch point at this timepoint ( Figures 5K and S5I ), consistent with a previous report (Olson et al., 2006) . These results of our morphological analyses suggest that the existence of some differences in role between the Dab1 and the Rap1-integrin a5b1 pathway in dendrite maturation.
Integrin a5b1 Regulates Terminal Translocation Downstream of Reelin
The above-mentioned results prompted us to examine whether integrin a5b1 might control terminal translocation as downstream of Reelin signaling in vivo. Conformational changes of the cytoplasmic domains of integrins are involved in the insideout signaling. Both a and b integrin subunits possess conserved cytoplasmic domains that interact with each other to inactivate the integrin functions. It is known that a point mutation in the intracellular GFFKR motif of the a subunit can constitutively promote integrin signaling (Shattil et al., 2010) . Therefore, we generated a mouse GFFKA mutant of integrin a5 (constitutively active integrin a5; CA-integrin a5), whose expression was controlled by a Ta1-Cre vector ( Figure 5B ), and examined whether this mutant could rescue the terminal translocation failure caused by disrupted Reelin signaling. Cotransfection of KD vectors for ApoER2 and VLDLR affected the terminal translocation as we previously reported ( Figures 6A, 6B , and 6F) . Although this terminal translocation failure was not fully rescued by cotransfection with the CA-integrin a5 alone ( Figures 6D and 6F) , it was almost entirely rescued by cotransfection with CA-integrin a5 and a wild-type Akt expression vector, which is also known to be involved in Reelin signaling (Feng and Cooper, 2009; Chai et al., 2009; Jossin and Cooper, 2011) (Figures 6C and 6F) ; wild-type Akt alone could not rescue the terminal translocation failure ( Figures 6E  and 6F ). These data suggest that integrin a5b1 regulates terminal translocation cooperatively with Akt as a downstream molecule in the Reelin signaling pathway. 
Integrin a5b1 Is Required for Proper Neuronal Alignment in the Mature Cortex
Birthdate-dependent ''inside-out'' neuronal layering is the hallmark of the effects of Reelin-Dab1 signaling. To examine the effects of integrin a5b1 in the eventual pattern of neuronal alignment in the mature cortex, we performed sequential in utero electroporation (Sekine et al., 2011) . We introduced a GFPexpression vector at E14.5 to label the earlier-born neurons.
Since the length of the cell cycle at this stage is about 15-16 hr (Takahashi et al., 1995) , we electroporated a control vector, an integrin a5 KD vector, or an integrin b1 KD vector along with an mCherry-expressing vector 16 hr after the first electroporation to label the later-born neurons in the same cortex. At P7, when all the neuronal layers are established, the control-control case showed a clearly segregated birthdate-dependent inside-out pattern ( Figures 7A and 7A  0 ). In contrast, this highly segregated inside-out pattern of neuronal alignment was significantly disrupted in the control-integrin a5 KD or control-integrin b1 KD cases ( Figures 7B-7D ). These data suggest that the terminal translocation failure caused by integrin a5 or b1 KD results in the disruption of the final pattern of neuronal positioning in the mature cortex.
DISCUSSION
The bidirectional interactions between migrating cells and their surrounding environment are fundamental for the establishment of functional multicellular organ systems, and are also closely involved in the pathogenesis of several diseases such as metastases and inflammatory diseases. In many cases, environmental factors play central roles to influence the behaviors of migrating cells in a spatiotemporal manner. Integrin receptors are also important for this bidirectional interaction, because integrins can transmit the signals between the outside and inside of the cells (Hynes, 2002) . In this study, we identified that Reelin, as an extrinsic factor, switches the function of Rap1 during terminal translocation and thereby activates integrin a5b1 through the biologically conserved inside-out signaling cascade (Shattil et al., 2010) . We also found that this integrin activation changes the neuronal migration mode by promoting neuronal adhesion to the ECM protein, such as fibronectin, and that this interplay between migrating neurons and the ECM is crucial to establish the eventual birthdate-dependent layering pattern of neurons in the mature cortex (Figure 8) .
The roles of the integrin family in the neuronal migration in the neocortex have been under debate (Belvindrah et al., 2007; Anton et al., 1999; Dulabon et al., 2000; Magdaleno and Curran, 2001; Schmid et al., 2004; Sanada et al., 2004; Luque, 2004; Marchetti et al., 2010) . It was reported using knockout mice that integrin b1 in neurons was not required for layer formation (Belvindrah et al., 2007) , whereas integrin a3, which heterodimerizes only with integrin b1, was expressed below the CP and was required for neuronal migration (Anton et al., 1999; Dulabon et al., 2000; Schmid et al., 2004) . It is possible that these discrepancies were partly caused by the possible redundancy of the large number of integrin subunits expressed in the developing neocortex (Pinkstaff et al., 1999) or the integrin transregulatory mechanisms (Calderwood et al., 2004) . In this study, we revealed that acute downregulation of integrin b1 and integrin a5 by in vivo RNA interference methods disturbed the terminal translocation of neocortical neurons. Although a recent study also showed that acute depletion of integrin a5 somehow delayed the neuronal migration (Marchetti et al., 2010) , these neurons could not pass through the PCZ, which is consistent with our findings. In addition, it is also possible that there might be some abnormal neuronal positioning even in integrin b1-knockout mice, because our sequential control-integrin b1 KD experiments showed that the birthdate-dependent segregation pattern between the later-born integrin b1 KD neurons and the earlier-born control neurons was significantly disrupted, with more overlap of the distribution than the control-control experiments.
We also identified that Rap1 is an intracellular signal transducer that relays the upstream signals to distinct downstream adhesion molecules during neuronal migration. In general, the different roles of a small GTPase involve functionally distinct effectors, and the selection of the specific effector of the small GTPase depends on the spatially and temporally distinct activation of the specific GEFs (Vigil et al., 2010) . In this study, we found that Rap1 has dual functions in neuronal migration and that the effects of Rap1 on integrin a5b1 beneath the PCZ were activated by C3G, whereas the effects of Rap1 on N-cadherin beneath the CP seemed to be activated not by C3G, but by another Rap1 GEF (Figure 8 ). Among the several kinds of Rap1 GEFs, recent (C) Reelin-dependent cell adhesion was blocked by cotreatment with receptor associated proteins (RAP). **p < 0.01, (n = 3). Each bar represents the mean relative number ± SEM of the adhered cells. (D) 2A-Reelin mutant could not promote neuronal adhesion to fibronectin (n = 3). Each bar represents the mean relative number ± SEM of the adhered cells. (E) Reelin-dependent cell adhesion was not observed in the primary cortical neurons obtained from Dab1-deficient mice (yotari). **p < 0.01 and (n = 3). Each bar represents the mean relative number ± SEM of the adhered cells. (F) Reelin-dependent cell adhesion was blocked by cotreatment of function-blocking antibody to Reelin (CR-50). *p < 0.05 and **p < 0.01 (n = 3). Each bar represents the mean relative number ± SEM of the adhered cells. (G) Cell adhesion assay using the migrating neurons at E17.5 electoporated at E14.5. Note that Reelin-dependent promotion of adhesion to fibronectin was significantly impaired in the Reelin-receptor KD neurons, Dab1-KD neurons, or Spa1-overexpressing neurons. n = 4 and *p < 0.05. Each bar represents the mean relative number ± SEM of the adhered cells. (H) Cell adhesion assay using reconstructed HEK293T cells. Cells were transfected with the indicated plasmids. Note that Reelin promoted cell adhesion to fibronectin only when both ApoER2 and Dab1 were transfected. n = 3 and **p < 0.01. Each bar represents the mean relative number ± SEM of the adhered cells. (I) PFA-fixed cerebral cortices (P0.5) electroporated with pCAGGS-Reelin at E14.5. Neuronal aggregates were observed in the IMZ (white square). Magenta signal shows activated integrin b1 detected using 9EG7 antibody. Right four panels are the higher magnification view of this aggregate. Note that integrin b1 is highly activated in the cell-sparse center of this aggregate. Scale bars, 100 mm (I, left panel), 50 mm (I, right panels). See also Figure S4 . 
Neuron
Reelin-Dependent Cell Adhesion for Layer Formation genetic studies suggested that C3G and RA-GEF1 (also known as PDZ-GEF) had distinct functions in neuronal migration; C3G mutant mice showed failure of preplate splitting, just like Reelinor Dab1 mutant mice (Voss et al., 2008) , whereas RA-GEF1 knockout, while not affecting the preplate splitting, caused migration failure of neurons before they entered the CP (Bilasy et al., 2009 ). We previously suggested that low amounts of Reelin and its functional receptors are present below the CP (Uchida et al., 2009) , and another study showed that Reelin signaling is somehow required for the neuronal migratory behavior below the CP through Rap1/N-cadherin pathway (Jossin and Cooper, 2011) . However, the disruption of this Reelin-Rap1-N-cadherin signaling is not likely to be the only reason for the roughly inverted laminar organization in Reelin-signaling-deficient mice, because even the Dab1-depleted neurons could migrate into the CP and reach just beneath the PCZ by locomotion (Olson et al., 2006; Franco et al., 2011; Sekine et al., 2011) . In contrast, high expression levels of Reelin in the MZ activate C3G during terminal translocation, which in turn, activates the Rap1/integrin a5b1 pathway to form the eventual pattern of Reelin-dependent neuronal layering within the PCZ. Therefore, Reelin can switch the adhesion molecules to mediate the dual functions of Rap1 in neuronal migration. In addition, given the idea that translocation is the phylogenetically conserved radial glia-independent mode of migration (Nadarajah et al., 2001 ) as compared to the evolutionally acquired radial glia-guided locomotion (Rakic, 1972) , it is easy to conceive that different adhesion molecules are involved in the different migratory modes, i.e., N-cadherin for locomotion (Kawauchi et al., 2010) and integrin a5b1 for terminal translocation. We demonstrated that constitutively active integrin a5 could rescue the terminal translocation failure, cooperatively with Akt, in Reelin receptors-knockdown neurons. However, we also observed that cotransfection of the mutated integrin a5 and Akt could not rescue the Dab1-knockdown phenotype (data not shown). One explanation for this failure is that Dab1 itself may be involved in the regulation of integrin functions through interaction between its PTB domain and the NPxY motif of integrin b1 (Schmid et al., 2005) . An alternative explanation is that Dab1 may regulate some cellular functions independent of Reelin stimulation . We also failed to rescue the migration failure in the reeler mutant cortex by cotransfection of CA-integrin a5 and Akt (data not shown). Although there is no obvious PCZ-like structure in the reeler cortex (Sekine et al., 2011) , a previous study using Dab1 chimeric mice showed that most Dab1 +/+ cells could migrate in the Dab1 À/À environment (Hammond et al., 2001) . In addition, another study using ectopic expression of Reelin in the VZ showed partial rescue of migration of some neurons during preplate splitting (Magdaleno et al., 2002) . Because integrin a5b1-dependent terminal translocation is the specific migration mode around the PCZ in the wild-type cortex, it is possible that the abnormal layering in the reeler cortex was caused or modified by other/additional mechanisms including, for example, abnormal formation of the internal plexiform zone in the reeler cortex (Tabata and Nakajima, 2002) . Future studies (D) Overlapping index of sequential electroporation. Each bar represents the mean ± SEM of the overlapping index. **p < 0.01, *p < 0.05. n = 9 (control-control case), n = 7 (control-integrin b1 KD case), n = 8 (control-integrin a5 KD case).
using genetically engineered mice will be needed to fully address the role of Reelin-induced integrin activation for the layer formation.
Terminal translocation is thought to share some mechanisms with somal translocation of the earliest-born neurons (Nadarajah et al., 2001) . A recent study showed that N-cadherin is required for somal translocation (Franco et al., 2011) . However, N-cadherin regulation by Reelin during somal translocation was not directly shown, and it was described that Dab1 null migration phenotype was not rescued by overexpression of (A) Scheme of the migratory mode changes. Multipolar migrating neurons change their migratory behavior to locomotion through Rap1, and adhere to the radial glial fibers in a N-cadherin-dependent manner. When the locomoting neurons reach beneath the PCZ, at which site a dense accumulation of immature neurons is observed, Reelin triggers the C3G-dependent Rap1 pathway for integrin activation. Then, the leading processes of the locomoting neurons adhere to the ECM, such as fibronectin in the MZ through integrin a5b1, and change their migratory mode to terminal translocation. The interaction between migrating neurons and ECM is fundamental for the eventual neuronal layering in the mature cortex. (B) Scheme of Reelin-dependent integrin a5b1 inside-out activation. 1. Reelin (input) phosphorylates Dab1 through ApoER2/VLDLR, recruits Crk/CrkL, and phosphorylates C3G. 2. C3G activates Rap1. 3. Activated Rap1 recruits some effectors, and 4. the conformation of the integrin subunits change. 5. Finally, activated integrin a5b1 adheres to fibronectin in the MZ to mediate terminal translocation and layer formation (output). N-cadherin. Consistently, we also observed that N-cadherin alone was not sufficient to rescue the terminal translocation failure observed after transfection of DN-C3G. However, we cannot exclude the possibility that N-cadherin is also required for terminal translocation, because N-cadherin-KD neurons showed aberrant termination of migration before the cells reached the PCZ (Kawauchi et al., 2010) . One possibility is that Reelin might change the subcellular localization of N-cadherin during terminal translocation to cooperatively regulate terminal translocation with integrin a5b1, because previous immunohistochemical analyses have revealed intense N-cadherin staining in the MZ (Franco et al., 2011) , but only weak staining on the top of the CP (Kawauchi et al., 2010) . Alternatively, there is the other possibility that the mechanisms underlying terminal translocation are different from those of somal translocation, because neurons need to pass through the cell-dense PCZ during terminal translocation, unlike the cell-sparse preplate in the case of neurons showing somal translocation (Sekine et al., 2011) .
How does activated integrin a5b1 regulate terminal translocation? Because the cell somata are thought to be pulled with shortening of the leading processes and because activated integrin b1 is strongly localized in the leading processes, which anchor to the fibronectin-positive MZ, we hypothesize that traction forces are generated at the leading processes through the integrin a5b1 ''outside-in'' signaling. A recent in vitro study supported this model by showing the presence of traction forces at the tips of the leading processes (He et al., 2010) . Our data also showed that Akt plays some role in terminal translocation, which is consistent with a previous finding that Reelin reorganizes the actin cytoskeletons in the leading processes through phosphorylation of n-cofilin via Akt (Chai et al., 2009 ). Microtubules in the leading processes must also be reorganized for the shortening of the leading process, and the microtubule dynamics is also coupled to the forward movement of the nuclei (Tsai and Gleeson, 2005; Zhang et al., 2009) . Therefore, we reason that the leading processes play the primary role in the terminal translocation of the neocortical neurons. However, recent in vitro analyses of neuronal migration under the Matrigel condition, in which radial glial fibers do not exist, suggested that there is also the other possibility that the contraction of myosin II behind the nuclei and endocytosis of adhesion molecules just proximal to the cell somata are involved in the pushing up of the cell somata (Schaar and McConnell, 2005; Shieh et al., 2011) . Future in vivo studies will be needed to elucidate the detailed mechanisms underlying neuronal migration in the neocortex, which will lead to revelation of the complex mechanisms of neuronal layer formation.
EXPERIMENTAL PROCEDURES Animals
Pregnant ICR mice were purchased from Japan SLC (Shizuoka, Japan). The colony of reeler mice (B6CFe a/a-Reln rl /J) obtained from the Jackson Laboratory (Bar Harbor, ME) was maintained by allowing heterozygous females to mate with homozygous males. The day of vaginal plug detection was considered to be embryonic day 0 (E0). The ways to maintain the colony of yotari mice or ApoER2/VLDLR double knockout mice were previously described (Tabata and Nakajima, 2002; Trommsdorff et al., 1999) . All of the animal experiments were performed according to the Guidelines for the Care and Use of Laboratory Animals of Keio University.
Plasmids
Plasmids used in this study are described in the Supplemental Experimental Procedures.
In Utero Electroporation
In utero electroporation was performed as described previously (Tabata and Nakajima, 2001 ) and is also described in the Supplemental Experimental Procedures.
Immunohistochemistry
Immunohistochemistry was performed as previously described (Sekine et al., 2011) . The primary antibodies used are described in the Supplemental Experimental Procedures.
Fresh Frozen Sections
Brains were removed directly in ice-cold PBS, embedded in O.C.T. compound and quickly frozen in liquid nitrogen-cold 2-propanol. The prepared cryosections were fixed in 100% acetone at À20 C for 10 min. After washing with PBS-Tx, rat antiactivated integrin b1 antibody (1:10, 9EG7; BD PharMingen) was added to the sections.
Statistical Analyses of Neuronal Migration
In coronal sections of the fixed embryonic brains obtained from several pregnant mice, the caudal part of the somatosensory cortex was selected for the measurements. The distances from the top of the CP to the nuclei of the migrating cells, which were visualized by DAPI staining were blindly measured using the ImageJ software (NIH).
Morphological Analyses
To determine the morphological structures of the terminal translocating neurons, z series of transfected brains were acquired at 1 mm intervals through 10-20 mm using a 40 3 objective. These z series were reconstructed using FV1000 (Olympus), and the morphologies of the GFP-positive cells attached to the MZ were analyzed using the ImageJ software.
Immunoabsorption A 1.5 ml tube was coated with 10% BSA-PBS at 4 C for 30 min. Rabbit antimouse fibronectin antibodies (1:500 AB2033, Chemicon) and rat plasma fibronectin (1 mg/ml, F0635, Sigma) were incubated in 1% BSA-PBS overnight at 4 C. The supernatant obtained after centrifugation (10,000 g, 1 hr, at 4 C) of the solution was subjected to immunohistochemistry.
In Situ Hybridization
Digoxigenin-tagged antisense and sense RNA probes for Rap1a and Rap1b were synthesized using FANTOM clones. Detailed procedures are described in the Supplemental Experimental Procedures.
Western Blot Analysis
Western blot analysis was performed as described previously (Sekine et al., 2011) . The procedures for the transfection into the primary cortical neurons were previously described (Kawauchi et al., 2010) . Detailed procedures and primary antibodies are described in the Supplemental Experimental Procedures.
Preparation of Reelin-Conditioned Medium HEK293T cells were transfected with pCAGGS-Reelin vector or pCAGGSControl vector using the GeneJuice transfection reagent (Merck). Detailed procedures are described in the Supplemental Experimental Procedures.
Integrin Activation Assay
The integrin activation assay was performed as described previously (Bourgin et al., 2007) , with some modification. E14 embryonic cortices were dissociated and were plated onto the coated dish containing control-or Reelin-conditioned serum-free medium and incubated for 20 min at 37 C. After washes, 9EG7 antibody (2 mg/ml in Dulbecco's modified Eagle's medium [DMEM]) was applied, followed by incubation for 15 min at 37 C. After washes, the cells were lysed in SDS sample buffer. Bound 9EG7 antibodies were detected using biotin-conjugated donkey antirat IgG (1:2000, Jackson ImmunoResearch) followed by horseradish peroxidase-conjugated streptavidin (1:2000, Perkin Elmer). Detailed procedures are described in the Supplemental Experimental Procedures.
Cell Adhesion Assay
Cell adhesion assay was performed as described previously (Bourgin et al., 2007) , with some modification. E16 embryonic cortices were dissociated, stimulated with Reelin-conditioned medium for 15 min at 37 C, and plated onto the coated wells (7 3 10 4 cells per well) filled with DMEM for 5 min at 37 C. Then, after three washes with warm DMEM, the attached cells were counted (nine microscopic fields [203] were counted in each well). Detailed procedures are described in the Supplemental Experimental Procedures.
Ratiometric Analyses
The fluorescence intensity of GFP and Dylight-549 was detected using FV1000. Detailed procedures are described in the Supplemental Experimental Procedures.
Statistical Analyses
For direct comparisons, the data were analyzed by Mann Whitney U test (n < 10). For multiple comparisons, ANOVA was performed, followed by Tukey's posthoc test. All bar graphs were plotted as mean ± SEM.
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